Abstract. Fatigue crack closure is an important phenomenon which needs to be taken into account in the development of models for crack propagation. This paper presents an overview of techniques for measuring crack closure. The moiré interferometry approach is described in more detail and some experimental results are presented and compared with the predictions of closure models.
Introduction
The propagation of fatigue cracks under cyclic loading is clearly of practical industrial importance. A number of authors (e.g. Nishida [1] ) have noted that by far the majority of component failures can be attributed to fatigue processes. Accurate prediction of fatigue performance is therefore important across a range of applications. Fatigue analysis can be approached either from the 'safe life' or 'damage tolerant' perspectives [2] and in the latter case particular emphasis is placed on accurate estimation of crack growth rates. The basis for many of these calculations is, of course, the Paris Law [3] which relates propagation rate to applied stress intensity factor. However, the basic form of this 'law' (which is of course only an empirical relationship) does not explain all observed propagation phenomena. Propagation rates are found also to depend on stress ratio, R, and also on previous load history. Also, anomalous growth rates are found for 'small' cracks [4] . Elber [5] was the first to observe that many fatigue cracks appear to be closed at the tip for part of the load cycle, even when the applied load is purely tensile. This offered a possible explanation for some of the effects which are not predicted by the Paris Law and there followed a rapid increase in the number of published articles addressing aspects of crack closure which has continued to the present day.
Unfortunately the concept of crack closure does not seem to have lived up to its early promise. There are a number of reasons for this: modelling is often difficult and time consuming, although simplified strip yield models have been used with some success [6] . Finite element models have also been used (e.g. [7, 8] ) but until recently these have been time-consuming to run (particularly in three dimensions) and the results can be difficult to interpret [9] . Further, measurements of crack closure are difficult to carry out and different techniques can give quite different results [10] . Thus, it has proved difficult to compare experimental measurements with model predictions and to produce methods for incorporating closure concepts into propagation models in anything but a general empirical way. The general lack of reliable experimental closure measurements which can be correlated with detailed models has led some authors to question the significance of crack closure in the prediction of crack propagation behaviour [11] .
Measurement Techniques
Discussion of fatigue crack closure in a general sense can be rather misleading as a number of separate phenomena have been identified which can each contribute to closure of the crack during part of the load cycle. These include [2] : plasticity-induced closure; roughness-induced closure; and oxide-induced closure. Nevertheless, the physical manifestation of these phenomena is very similar, and what is required is an experimental technique which can accurately capture displacements in the neighbourhood of the crack tip so as to determine when the crack is open (and therefore experiencing a stress intensity at the tip). A wide range of techniques have been applied and it is appropriate to briefly review these here. In Elber's original work [5] , he measured the displacements at a number of positions in the neighbourhood of a crack and noted that the variation of displacement with load was non-linear (at least for loads below a certain level). Since the specimen was elastic (apart from a small region in the crack tip process zone) he inferred that the boundary conditions on the crack must be changing with load and therefore that the crack must be partially closed for part of the load cycle. This is, of course, a somewhat indirect means of observing crack closure, but it is convenient in that standard instrumentation techniques can be employed. It is common practice today to use a clip gauge at the mouth of the crack (sometimes referred to as an 'Elber Gauge') to measure the variation of crack opening with load, but in principle strain or displacement information from any position on the specimen may be used. The practical difficulty is that remote measurements of this sort show a very gradual change from non-linear to linear behaviour. A typical plot is shown in Fig. 1 . Initially the crack is partially closed, but 'peels open' with increasing load until it becomes fully open to the tip at a normalised load of approximately 0.4 and there is a corresponding gradual change in specimen stiffness. It is the load corresponding to crack tip opening which is required for calculation of the effective stress intensity factor experienced by the crack tip, but it will be seen that it is difficult to identify this with any precision, although 'offset' procedures such as that embodied in ASTM E647 [12] offer some useful guidance. A similar approach may be followed by measuring electrical resistance across a crack. This will vary with load in a non-linear fashion [13] , but similar difficulties are encountered in identifying the precise point of crack tip opening. In any case, there is some controversy over whether 'electrical' and 'mechanical' closure are equivalent [14] . Other authors have proposed more direct measurements of closure. These include examination of the stress, strain, or displacement field in the neighbourhood of the crack tip in order to establish whether a stress intensity exists (and therefore that the crack is open). Wei and James [15] are among several authors to have used photoelastic methods to examine crack tip stress fields. In their case, transmission photoelasticity was used with polycarbonate specimens. In interpreting these and similar results it must be recognised that conventional photoelastic materials can have very different yield behaviour to metals and the mechanisms of closure may therefore be very different. These considerations mean that the results obtained from transmission photoelasticity may be difficult to apply in engineering situations. Reflection photoelasticity could, of course, be employed but the literature suggests that applications have been extremely limited [16] . The most direct approach to crack closure measurement is probably to measure displacements directly. However, sufficient displacement resolution is difficult to obtain by direct observation and it is normally necessary to use microscopes to magnify the image [17] . This can limit the size of the specimen and the loads that can be applied.
Advances in Experimental Mechanics V
Displacement resolution can, of course, be improved by the use of interferometry. The first application of moiré interferometry to the measurement of crack closure appears to be the work of Gray and MacKenzie [18] . In this initial study, closure was detected qualitatively by considering the shape of the fringes close to the crack. In a later study [19] , however, Tong and Gray concluded that the technique was too insensitive to obtain meaningful results. More recent work by Fellows, Paynter, and Nowell at Oxford has used a more quantitative approach and this has produced useful closure measurements [20, 21] . This work will be therefore be described in more detail in the next section.
Moiré Interferometry
The use of moiré interferometry to measure fatigue crack closure involves the application of a physical grating to the surface of the specimen. In our recent work at Oxford we have employed a polymer grating applied in-situ by exposing a layer of photoresist to an interference pattern [20] . This layer is then developed, baked and coated with a thin layer of gold, which improves the diffraction efficiency. The advantage of this technique over more common methods involving replicated aluminium gratings is that the grating is found to be more flexible and can survive an appreciable number of fatigue loading cycles. In our recent work, a grating frequency of 1200 lines per mm is employed. A four point bend specimen is then mounted in a fatigue machine fitted with an in-situ moiré interferometer. This arrangement allows measurement of closure without removal of the specimen, hence enabling a full range of applied load ratios to be investigated. A 'virtual grating' is then set up from the interference between two parts of a collimated laser beam. The overall optical configuration is shown schematically in Fig. 2 . When the specimen is deformed by the application of a load, the interference between the physical and virtual gratings creates a fringe pattern which conveys displacement information (Fig. 3. ) and may be captured using a camera and frame-grabber. The fringe spacing of the image shown in Fig. 3 corresponds to a displacement of 0.417 µm, but phase stepping may be employed to effectively provide interpolation between the integer fringes. Once the fringe information has been obtained, the intensity information from the image is then converted into a phase map, which may be unwrapped using standard techniques to provide a displacement value corresponding to each pixel in the image. Both horizontal, u, and vertical, v displacements may be measured, but for the current purposes, a single displacement component in the direction normal to the crack faces is sufficient. Examination of these displacement values for the case of maximum load clearly shows a 'jump' in displacement across the crack which is illustrated in Fig. 4 . Once the crack length and location has been identified in this way, closure may
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be inferred from the lack of displacement discontinuity at a location known to correspond to the crack, although some care needs to be taken to account for rigid body motion of the specimen. Results obtained may be compared to the predictions of crack closure models, such as that described by Nowell [22] , which relies on a strip-yield approach. Space considerations preclude a full description of the model here, but the reader should note that it is essentially similar in physical principle to that proposed by Newman [6] . Plasticity ahead of the crack is confined to a strip collinear with the crack which yields without hardening at a specified yield stress σ y . As the crack propagates, yielded material is left behind on the crack faces and this is represented in the model taking account of self-similarity so that a wedge of additional material is inserted. Finally, closure conditions are enforced by requiring that the normal traction on the crack faces is zero and the crack is open, or that the traction is compressive and the opening displacement equal to zero. Figure 5 shows some results obtained for a beam specimen of Ti6Al4V loaded in four point bending. A small starter notch was machined into the specimen to localise the crack initiation site and the crack was then propagated to a length of 0.84 mm at a constant amplitude of loading and a load ratio R = 0. Full-field moiré measurements of displacement in the region of the crack were then taken at several levels of applied load during both loading and unloading parts of the cycle. From these, the crack opening displacement was obtained as a function of distance from the crack tip. Figure 5 shows a comparison between measured crack opening displacement and the model for four levels of applied load during the load cycle. Model predictions are shown by lines and measurements by points; it will be seen that there is good agreement between measurement and
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Advances in Experimental Mechanics V prediction. The presence of crack closure at low loads can be detected in the regions where a change of load gives rise to no significant change in displacement across the crack. It should be noted that, since the grating is applied before fatigue crack propagation, the existence of a plastic wake along the crack faces means that some displacement will be recorded, even at minimum load, and this reading is taken as the datum for the other load levels. Knowledge of the variation of crack opening with applied load enables determination of the point at which the crack becomes open to the tip, although it should be noted that small load steps may need to be taken close to the opening load in order to determine this with any accuracy. The effective stress intensity factor range, ∆K eff can then be determined from
Where Y is the appropriate geometry factor in the stress intensity expression, σ max and σ op are the reference (e.g. remote) stress values corresponding to maximum and opening loads respectively, and a is crack length. As well as investigating closure under constant amplitude loading conditions, it is also possible to examine the effect of non-uniform loading. The simplest experiment that can be performed is probably the application of a single overload cycle of larger amplitude than the value used for the remainder of the load history. This produces a state of zero closure immediately after the overload, but closure levels then increase rapidly as the crack propagates through the strained material in the overload plastic zone. Fellows and Nowell [21] report some results from experiments of this sort which broadly show the type of behaviour expected. In contrast to more traditional measurements of crack closure the amount of data to be collected is significant. This has both advantages and disadvantages. There is generally plenty of detail to compare with analytical and numerical predictions of closure, but the overhead of data storage, processing, and analysis becomes significant in situations of non-uniform loading where it is necessary to collect closure data for a reasonable number of load cycles as the crack propagates. A further disadvantage of moiré is the time and care required to apply the gratings to the specimens. In principle, laser speckle interferometry offers similar advantages to moiré but without the need for this step. Surprisingly, perhaps, application of this technique to crack closure measurement appears to have been rather limited [23] . More recent work appears to have been devoted to image analysis approaches, where sub-pixel accuracy can now be obtained [24] . Both of these approaches would appear to offer some of the advantages of the moiré method but with less experimental complexity.
It is important to recognise that measurement of crack closure and subsequent determination of ∆K eff are, of course, only steps in the determination of crack propagation rate, which is of more fundamental engineering interest. It should be recognised that closure is a complex threedimensional phenomenon and that the moiré approach described here only measures closure behaviour on the surface. At first sight this may seem unduly restrictive, however threedimensional models of the closure process suggest that plasticity-induced closure is largely a surface phenomenon [25, 26] . Experimental work [27] has also suggested that crack closure remote from a free surface is more limited than at the surface, at least for the case of a long crack. Even for cracks where the crack front is substantially under 'plane strain' conditions closure at the surface may play a key role, since propagation at all points along the crack front will in general be necessary for a crack to advance. The influence of a relatively thin surface layer experiencing significant closure may therefore be more significant than might appear at first sight.
Conclusions
The paper has described the importance of crack closure measurement for the prediction of fatigue crack growth rate. The range of measurement techniques available has been reviewed and a brief overview of the use of moiré interferometery has been given. Some typical results have been presented and compared to the predictions of a strip yield model of crack closure. These show that the moiré approach is capable of producing reliable results which are useful in developing analytical models. Further application of the technique is likely to prove useful, although recent developments in laser speckle interferometry and image analysis also show promise.
